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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Microstructures and thermomechanical responses of Ni-rich superelastic wires can be tuned in relatively large extent by varying 
the degree of cold work and heat treatment. What frequently remains unknown is the superelastic fatigue performance of the wires 
– whether and/or how it depends on the heat treatment.  In this study, five superelastic NiTi wires (d=0.051mm) having similar 
transformation stresses but different microstructures and transformation strains (3.1, 3.9, 4.7, 5.6, 6.7 %) were produced from one 
spool of a hot worked NiTi wire by applying different cold work/heat treatments to investigate the influence of the wire 
microstructure (transformation strain) on its structural and functional fatigue performance. The wires were cycled in tension beyond 
the end of superelastic plateau at constant temperature in strain rate controlled mode until failure. It is found that various cold 
work/heat treatments do affect the superelastic fatigue performance of NiTi wires in a defined manner. As concerns the 
transformation strain dependence, the wires exhibiting large transformation strain show decreasing fatigue performance with 
increasing transformation strain, the wires exhibiting low transformation strain show opposite trend. On average, the furnace treated 
NiTi wires (recovered and precipitation hardened microstructure) showed better fatigue performance than the electropulse treated 
wires (nanosized but partially recrystallized microstructure). 
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1. Introduction 
Based on its the unique functional behaviour, NiTi shape memory alloy has been widely investigated and utilized 
in a wide range of engineering application in medicine, aerospace and automotive sectors (Mahtabi et al. 2015; Hartl 
et al. 2007; Rahim et al. 2013; Figueiredo et al. 2009). Fatigue of NiTi alloys in distinguished between the functional 
and structural fatigue. The functional fatigue is related to a degradation of thermomechanical response, e.g. evolution 
of transformation temperatures, stresses and strains (Eggeler et al. 2004). The structural fatigue concerns accumulation 
microstructural changes, crack nucleation and crack growth until the failure in conventional sense.  
It is well known that tensile superelastic response of NiTi wires evolves during superelastic cycling and how this 
is related to evolution of microstructure and internal stress (Sedmák et al. 2015). Although structural fatigue of NiTi 
alloys was thoroughly investigated as well (Rahim et al. 2013; Maletta et al. 2014; Pelton 2007; Otsuka & Wayman 
1998), it is not yet clear what is the dominating factor affecting the superelastic fatigue performance – whether it is 
the transformation strain (Maletta et al. 2014), or transformation stress (Kollerov et al. 2013), inclusions (Rahim et al. 
2013, Launey et al. 2014), strain localization (Sedmák et al. 2016) or surface finishing (Pelton et al. 2013). 
Precipitation of finely dispersed Ni4Ti3 particles in Ni-rich (superelastic) alloys has been claimed effective in 
increasing fatigue life (Kollerov et al. 2013). Final microstructure of cold worked/heat treated NiTi strongly depends 
on the temperature and time of the heat treatment which controls precipitation processes, recovery of dislocation 
networks (residual stress relaxation) and recrystallization (Malard et al. 2011; Delville et al. 2010; Pelton et al. 2000) 
and through them the material properties (tensile strength, yield stress, transformation stresses, transformation strain, 
transformation temperatures and possibly the fatigue performance). 
In this study, thin NiTi wires subjected to the range of conventional heat treatments in furnace and pulse heat 
treatment by electric current were investigated in cyclic tensile tests beyond the end of the transformation plateau at 
constant temperature until failure and fracture surfaces were analyzed by SEM microscopy. The aim was to contribute 
to a better understanding of the influence of the heat treatment on the superelastic fatigue life of NiTi wires. 
2. Materials and Methods 
2.1. Test specimens 
Nickel rich thin NiTi superelastic wires (Ti-50.9at.%Ni) with the diameter 51 µm having cold work (CW) in the 
range of 10 %-90 % were supplied by Fort Wayne Metals company. Wires with 35% CW and 90% CW were heat 
treated to set the microstructure and functional properties and subjected to fatigue testing. 
2.2. Heat treatment 
Two different methods of heat treatment were employed: conventional environmental furnace treatment and 
nonconventional Final Thermo-Mechanical Treatment by Electric Current /FTMC-EC/ (Malard et al. 2011; Delville 
et al. 2010). From the point of view of microstructure formation, the main difference between these two methods lies 
in the fact that the ultrafast electropulse treatment (in ms range) suppresses precipitation (Delville et al. 2010)  and 
promotes the recrystallization of the cold worked microstructure while the long lasting furnace treatment provides the 
necessary time scale for the precipitation processes to occur during the heat treatment. The applied heat treatments are 
summarized in Table 1. Five specimens of each type of annealing were prepared. 
Table 1. Heat treatment and cold work of the tested wires 
Cold Work Heat Treatment 
45W/mm3/50ms 32W/mm3/50ms 350oC/1h 380oC/1h 350oC/30min+425oC/15min 
35% x  x x x 
90%  x    
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2.3. Fatigue tests 
All fatigue tests were carried out in strain control mode (strain rate was 0.01 s-1) using dedicated wire tester 
equipped with Peltier chamber at constant temperature 20 oC. 5 samples were tested under the same conditions for 
reproducibility. Stress limits σmin=10 MPa and σmax1=800 MPa were set in the first fifty superelastic cycles and the 
maximum limit was than was lowered to σmax2 =600 MPa and kept constant till failure. Since the high strain rate 
affects the stress-strain response (Zurbitu et al. 2010) owing to the exothermic/endothermic character of 
forward/backward martensitic transformation, we carried out cycles run with low strain rate 0.001 s-1 at cycles: 1st, 
50th, and then periodically after each 500th cycle for monitoring of the stress strain response. Transformation stresses, 
transformation strain and permanent strain were evaluated from these slow cycles. 
3. Results and discussion 
3.1. Functional fatigue 
Stress-strain curves recorded in the first and last tensile cycle on all 5 different wires (Fig. 1) are plateau type 
suggesting that the deformation was localized in martensite bands for the whole cycling history. The furnace treated 
wires show similar transformation stress but different transformation strain- increasing with the heat treatment 
temperature. The electropulse treated wires show lower transformation stress and higher transformation strain. The 
sharp yield points on the stress-strain curves of electropulse treated wires are due to the martensite bands nucleating 
in the middle of the wire. 
3.1.1. Transformation stresses 
In the course of tensile cycling, upper transformation stress decreases by hundreds of MPa in each of the tested 
samples (Fig. 1). The most noticeable decrease occurred in the first few superelastic cycles and stabilized afterwards. 
After 50 cycles the decrease of upper transformation stress accounts for two thirds of the total decrease. The decrease 
of upper and lower transformation stresses upon cycling is shown in figure 2. The maximum of stress decrease was 
observed in the case of electropulse treated 90% CW wires 32W/mm3/50ms, while the minimum decrease was 
observed for the furnace treated 35% CW wires 350oC/1h. Decrease of lower plateau stress upon cycling is much less 
pronounced. Because of the different rate of the decreases of the forward stress, the hysteresis width evolves upon 
cycling differently for different wires. The electropulse treated wires with 90% CW exhibit largest stress hysteresis 
width in the first cycle. On the other hand, the electropulse treated 35% CW wires 45W/mm3/50ms show lowest stress 
hysteresis width. On average, the stress hysteresis width decreased ~40-50 % upon cycling. 
It is interesting to note that the plateau type stress strain curve evidencing the localized deformation was observed 
in case of all wires in the first cycle and persisted until failure, except of the furnace treated wires 35% CW 350oC/1h 
(Fig.1). This is typical for microstructures in the thin wires (Delville et al. 2010) and different from experiments on 
thicker wires reported frequently in the literature (Kollerov et al. 2013), where the localized deformation mode 
frequently changes to homogeneous upon cycling. The initial and the final stress hysteresis width are summarized in 
Tab. 2. 
Table 2. Overview of transformation stresses and stress hysteresis width of the annealed wires. σA→M1.c  ̶  upper transformation stress in the first 
cycle, σ A→MNf – upper transformation stress in the last cycle, σhyst1.c – stress hysteresis width in the first cycle  , σhystNf – stress hysteresis width in 
the last cycle. 
CW (%) Heat Treatment σA→M1.c (MPa) σA→MNf (MPa) σhyst1.c (MPa) σhystNf (MPa) 
35 45W/mm3/50ms 591 375 299 167 
35 350oC/30min+425 oC/15min 676 408 374 221 
90 32W/mm3/50ms 622 348 373 191 
35 350oC/1h 695 474 308 139 
35 380oC/1h 693 439 346 172 
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Fig. 1. Comparison of superelastic response of the tested wires subjected to different types of annealing a) 1st cycle after annealing, b) the last 
(slow) cycle before failure. 
 
Fig. 2. Evolution of upper (squares) and lower (triangles) transformation stresses of the tested wires. 
3.1.2. Transformation strain and permanent strain 
Similarly as the transformation stress, transformation strain and accumulation of permanent strain are also affected 
by the superelastic cycling. One of the reasons for the shortening of transformation strain is the accumulation of 
permanent strain, which persists in the unloaded state, owing to incremental plastic deformation upon cycling and 
consequent redistribution of internal stresses and potentially residual martensite (Sedmák et al. 2015). The electropulse 
heated 90% CW wires show largest transformation strain and localized deformation mode persisting till failure. On 
the other hand, the wires furnace annealed at low temperature (350oC) show the lowest transformation strain and the 
homogeneous deformation before failure. 
3.2. Structural fatigue 
3.2.1. Fatigue life 
From the fatigue testing point of view, the wires were cycled under exactly same conditions but the stress-strain 
responses are different due to different microstructure. Figure 3 shows average number of cycles till failure in 
dependence on transformation strain. The wires with large transformation strain (32W/mm3/50ms and 90% CW) 
exhibit decreasing number of cycles till failure with increasing transformation strain as commonly reported in the 
b) a) 
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literature (dissipation energy controlled fatigue). However, the wires heat treated below 400 oC surprisingly show an 
opposite trend.  A reason can be the decreasing forward plateau stress with increasing heat treatment temperature. It 
is because the residual stresses and high dislocation density persisting after the low temperature heat treatment in the 
wire microstructure (Delville et al. 2010) prevent the decrease of the transformation stress upon cycling. But the stress 
difference is only about ~100MPa. Another reason for the inverted trend could be probably different precipitate 
populations in furnace treated alloys.  
An alternative view on the fatigue performance is obtained when looking on the surface of the fatigued wires. SEM 
microscopy revealed frequent nucleation of fatigue cracks at structural inhomogeneities – inclusions, such as TiC 
carbides. These incoherent hard nontransforming particles (Rahim et al. 2013; Lu et al. 2009) are known to be 
responsible for poor superelastic fatigue performance of NiTi alloys. Inclusions located near or at the surface represent 
preferential nucleation sides for major cracks causing ultimately failure of the wire.  Our observations fully confirmed 
this – the cracks nucleated at inclusions seem to dominate the fatigue failure.  
Recall that the superelastic deformation proceeds in a localized manner via propagation of martensite band fronts. 
Local stresses at the propagating front on the surface are significantly higher than the experimentally plateau stress 
(Sedmák et al. 2016). Think about the extreme strain incompatibilities happening when the martensite band front of 
localized deformation passes over a nontransforming inclusion on the material surface. Naturally, the larger the 
superelastic strain is, the more pronounced is the incompatibility leading to the nucleation and growth of the crack at 
this inclusion and the shorter is the fatigue life. But why this is not the case for the wires showing the low 
transformation strains (Fig.3)? The wires have same populations of inclusions but different microstructures, 
precipitates and oxides on the surface. 
 
 
Fig. 3. Dependence of the number of cycles to failure on transformation strain. 
3.2.2. Fractography 
Figure 4 shows a SEM micrograph of the wire heat treated at 350oC/1h. The inclusions are clearly visible. Size of 
the largest inclusions exceeds 2 µm and mean size was determined to approx. 0.6 µm. Features of a fatigue crack 
initiation on the surface of the cyclically loaded wires are clearly recognizable in each of the observed wires. Fatigue 
cracks which nucleated at near-surface inclusions are shown in detail in figure 5b). These particles are most likely TiC 
carbides, the size of which approximately corresponds to the size of a cavity in the area of the fatigue crack nucleation. 
Fracture surfaces show common features, more pronounced fatigue striations were observed only in samples annealed 
32W/mm3/50ms and 350oC/30min+425oC/15min close to the area of the final rupture (Fig. 6 a) and b)). This suggests 
fast crack growth upon superelastic cycling. The area of the final rupture consists predominantly of ductile dimples 
with a mean size of 2-3 µm. The area of a cyclic crack growth accounts for more than a half (approx. 50-60 %) of the 
fatigue fracture surface at given testing conditions.  
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initiation on the surface of the cyclically loaded wires are clearly recognizable in each of the observed wires. Fatigue 
cracks which nucleated at near-surface inclusions are shown in detail in figure 5b). These particles are most likely TiC 
carbides, the size of which approximately corresponds to the size of a cavity in the area of the fatigue crack nucleation. 
Fracture surfaces show common features, more pronounced fatigue striations were observed only in samples annealed 
32W/mm3/50ms and 350oC/30min+425oC/15min close to the area of the final rupture (Fig. 6 a) and b)). This suggests 
fast crack growth upon superelastic cycling. The area of the final rupture consists predominantly of ductile dimples 
with a mean size of 2-3 µm. The area of a cyclic crack growth accounts for more than a half (approx. 50-60 %) of the 
fatigue fracture surface at given testing conditions.  
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Fig. 4. a) SEM microscopy of a transvers cut of the wire annealed 350oC/1h b) higher resolution. Presence of structural inhogeneities (TiC 
carbides and Ti2Ni intermatallic particles). 
 
Fig. 5. a) Fatigue fracture surfaces of the wire annealed 45W/mm3/50ms, arrow denotes initiation point of fatigue crack, b) Detail of fatigue 
crack nucleation point and c) transition area between the fatigue part of the fracture (on the left) and the final fracture (on the right). 
 
Fig. 6. Fatigue striations- samples annealed a) 32W/mm3/50ms and b) 350oC/30min+425oC/15min. 
4. Conclusions 
Thin superelastic NiTi wires having different cold work and heat treatments were investigated by uniaxial tensile 
fatigue tests at constant temperature. It is found that various cold work/heat treatments affect the superelastic fatigue 
performance of NiTi wires in a defined manner. The wires exhibiting large transformation strain show fatigue 
performance decreasing with increasing transformation strain in accord with the common understanding of 
a) b)  
a)  b) 
a) b) c) 
→ 
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superelastic fatigue in the literature. Why the wires exhibiting low transformation strain show opposite trend is not 
clear at the moment. 
There is considerable decrease of the forward transformation stress and dissipated energy per cycle taking place 
upon cycling of all wires suggesting that microstructure of all wires changes significantly upon cycling. Surprisingly, 
the wires showing best fatigue performance exhibit same decrease of transformation stress upon cycling as the wire 
with the worst fatigue performance. This suggests that the microstructure evolution upon cycling is probably not the 
dominating factor controlling the fatigue performance.  
The furnace treated NiTi wires (exhibit recovered and precipitation hardened microstructure) show better fatigue 
performance than the electropulse treated wires having nanosized but partially recrystallized microstructure. The 
poorer fatigue performance of the latter can be due to the different microstructure but equally well it can be ascribed 
to larger transformation strains of electropulse treated wires. 
Fatigue fracture surfaces of the NiTi wires observed in SEM revealed the most likely reason for the preliminary 
fatigue failure of all wires. Major fatigue cracks causing the wire failure nucleated preferentially at nontransforming 
inclusions on the wire surface. It is assumed that cracks nucleate and propagate when the martensite band front of 
localized deformation passes over inclusions located at or near the surface. The larger the superelastic strain, the more 
pronounced is the incompatibility between the phase transforming matrix and hard inclusions leading to the nucleation 
and growth of cracks at inclusions and the shorter is the fatigue life. Why this is not the case for the furnace treated 
wires showing the low transformation strains remains unclear. 
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